Djungarian hamsters are able to reduce their body weight by more than 30% in anticipation of the winter season. This particular adaptation to extreme environmental conditions is primarily driven by a natural reduction in day length and conserved under laboratory conditions. We used this animal model to investigate hypothalamic gene expression linked to body weight regulation behind this physiological phenomenon.
has been confined to a LP to SP transition and, occasionally, a further transition from SP to LP. Hamsters continuously kept in SP for more than 20 weeks become insensitive to the SP signal and gradually return to their fully functional LP phenotype, including body weight gain and reproductive recrudescence. [8] [9] [10] [11] This innate long-term-timing process is referred to as the photorefractory response, which, in nature, ensures a timely start of the next reproductive season in spring. This phenomenon has also been used to investigate hypothalamic gene expression in relation to physiological adaptation. 8, 12, 13 The hypothalamus is the centre for energy homeostasis and neuroendocrine regulator of many physiological processes and is considered to be the region of the brain that integrates altered thyroid hormone availability in response to change in day length. Thyrotropin (TSH)-receptor (TSH-r) expressing tanycytes, a glial cell type in the ependymal layer of the third ventricle, is a key component in the mechanism underpinning responsiveness to day length. Tanycytes operate at the interface between the cerebrospinal fluid (CSF) and neurones of the hypothalamus 14, 15 and change in structure (vimentin), as well as function, in response to seasonal change in photoperiod. 16, 17 The contemporary view for the involvement of tanycytes in the mechanism of physiological adaptation centres around responding to TSH produced by melatonin responsive cells in the pars tuberalis (PT). 18 In LP, production of TSH in the PT is high, which leads to an increased deiodinase type 2 (DIO2) expression in tanycytes. 18, 19 DIO2
is an enzyme involved in thyroid hormone metabolism and there is a large body of evidence to show that thyroid hormone availability specifically in the hypothalamus underpins the mechanism driving seasonal adaptations. 8, [18] [19] [20] [21] Thyroid hormone availability in the hypothalamus depends on thyroid hormone transport by specific transporters, such as monocarboxylate transporter 8 (MCT8), as well as the activity of deiodinase enzymes. DIO2 converts thyroxine by phenolic ring deiodination (T 4 ) to biologically active 3,3′,5-triiodothyronine (T 3 ), whereas type 3 deiodinase (DIO3) acts as counterpart and inactivates T 3 by tyrosyl ring deiodination to 3,3′-diiodothyronine (T 2 ). [22] [23] [24] Both, transporter and enzymes are expressed in tanycytes in Djungarian hamsters and are regulated in a photoperiod dependent manner, with Dio2 being high in LP and low in SP and Dio3 absent in LP, but transiently expressed on exposure to SP. Several studies have suggested that a low T 3 concentration in the hypothalamus, generated by low Dio2 expression and high Dio3 expression, is required for body mass reduction. 8, 20, 21, 25 In addition to genes involved in the thyroid hormone signalling pathway, several other hypothalamic genes are regulated by photoperiod and have been linked to seasonal adaptations. [26] [27] [28] Cellular retinol-binding protein 1 (CRBP1), which is expressed in tanycytes, is a transport protein for retinol (vitamin A) and involved in the pathway for synthesising retinoic acid. 29 Another protein expressed in the ependymal layer is GPR50, an orphan G-protein-coupled receptor, which, despite its homology to melatonin receptors, does not bind melatonin and has been suggested to play a role in sensing components of metabolic homeostasis in the CSF. 30, 31 Somatostatin (SRIF) is produced in the arcuate nucleus (ARC) and periventricular nucleus of the hypothalamus and plays a role in the regulation of the growth axis, for which there is evidence that this axis contributes to the seasonal body weight cycle of Djungarian hamsters. 8, [32] [33] [34] The present study aimed to develop a better understanding of photoresponsive genes by investigating their transcriptional plasticity to multiple directional changes between photoperiods. Hamsters adapted to a static SP for more than 10 weeks but then re-exposed to LP have shown that physiological adaptations revert to LP phenotype within 6 weeks. 33, 35 Prior to the onset of changes in physiology, the expression of most genes reverts back to LP expression levels, with
Dio2 being expressed to a greater level than in hamsters continuously kept in LP. 8, 12 From a life-history perspective, at least in the laboratory, Djungarian hamsters may survive two winter seasons, particularly those born after the summer solstice that adapt to SP physiology soon after birth. 9, 34, 36 Therefore, the potential for survival for more than one winter season, whether in a laboratory situation or their natural environment, needs to be reflected by an ability to respond to seasonal photoperiod cues to maximise the chances of survival and provide for continuation of the species. Although hypothalamic gene expression studies have been performed on LP to SP transition and a subsequent SP to LP transition, there is no further information on the plasticity of Dio2 and other critical components of the hypothalamic thyroid hormone pathway in response to a further directional change back to SP following LP exposure. Previously, responsiveness to melatonin or SP in photorefractory hamsters was only found to be re-established after a return to LP for a minimum of 10 weeks in LP. [37] [38] [39] Based on this response, we hypothesised that a multiple transition model may provide additional insight into the plasticity of hypothalamic gene expression and physiological adaptions. In particular, hamsters transferred from LP to SP for a second time may not be responsive to SP after a short adaptation to LP. Investigating the responsiveness to multiple photoperiod transitions may help with understanding the plasticity of hypothalamic thyroid hormone signalling and the importance of neuroendocrine pathways following photorefractory physiological recrudescence.
| MATERIALS AND METHODS

| Animals and experimental procedures
All experiments and procedures were approved by the local animal welfare authorities (Hamburg, Germany). Fifty-two Djungarian hamsters (P. sungorus) of both sexes were bred and raised under artificial long photoperiod (LP; 16:8 hour light/dark cycle). After weaning, hamsters were singly housed in Makrolon type III cages (Bayer, Leverkusen, Germany) with food and water available ad libitum at an ambient temperature (T a ) of 21±1°C. The experimental protocol is outlined in Figure 1 . All animals were culled between Zeitgeber time 4 ) and total T 3 serum concentrations were analysed by radioimmunoassays as described previously. 40 The brains were removed, immediately frozen on dry ice and stored at −80°C until required for in situ hybridisation.
| Radioactive in situ hybridisation
In 
| Statistical analysis
Changes in body weight and differences between groups were tested by two-way repeated measures ANOVA and Tukey's post-hoc test.
Differences in gene expression and serum concentrations between groups were analysed by Student's t test (parametric) or a MannWhitney-U test (nonparametric), as appropriate. P <.05 (*), <.01 (**) and <.001 (***) were considered statistically significant. Statistical analyses were performed using sigmaplot, version 12 (Systat Software Inc., Systat Software Inc., Chicago, IL, USA).
| RESULTS
| Body weight
Hamsters started with an initial average body weight of 34.3±4.8 g.
During 14 weeks in SP, the six groups of hamsters that were transferred to SP showed a body weight reduction of −8.8±4.7 g, which reached significance from week 6 (ANOVA P<.05) (Figure 2A ,B).
The five groups switched back to LP increased their body weight by Figure 2A ; see also Supporting information, Figure S1B ).
Of the hamsters re-exposed to SP after 14 weeks in LP (SP 14 LP 14 SP 8 ), there was an apparent division in the body weight responsiveness of some hamsters compared to others. We therefore applied a criterion of SP responsiveness to this group, which was a body weight loss of 10% or greater from peak value by 7 weeks into SP ( Figure 3A ). This criterion would exclude the classification of hamsters as responsive because of natural variability in body hamster weight, which would include variability in food stored in cheek pouches. After the initial exposure to SP from LP, all hamsters in this SP 14 
| Serum thyroid hormone concentrations
No significant differences in serum thyroid hormone levels were found between the groups (Table 1) . Hamsters re-exposed to LP for 6 weeks after 14 week in SP (SP 14 LP 6 ) showed a trend towards an increase in tT 4 compared to hamsters kept in SP for 14 weeks (SP 14 
| Hypothalamic gene expression
Dio2 expression was lower in hamsters that had experienced only LP compared to SP 14 (LP 0 vs SP 14 , 61±11%; t test P=.03) ( Figure 3A ).
After re-exposure from SP to LP, Dio2 expression was increased by more than six-fold after 6 weeks (SP 14 
| Deiodinase 3
Deiodinase 3 was not expressed in LP and was at different levels in all hamsters culled during SP ( Figure 3B ). The SP 14 
| Monocarboxylate transporter 8
Monocarboxylate transporter 8 expression ( Figure 5A) 
| Thyrotropin receptor
In situ hybridisation revealed no generalised response caused by directional changes in photoperiod of Tsh-r expression (data not shown). 
| Vimentin
Vimentin mRNA expression ( Figure 5B) 
| G protein-coupled receptor 50
Abundance of Gpr50 mRNA ( Figure 5C ) showed clear differences be- 
| Cellular retinol-binding protein 1
Cellular retinol-binding protein 1 expression was clearly reduced after 14 weeks in SP (SP 14 ) relative to LP 0 (SP 14 vs LP 0 , 11±3%; U test P=.002) and increased again after re-exposure to LP ( Figure 5D ). 
| Somatostatin/somatotropin release inhibiting factor
Somatostatin was weakly expressed in all LP groups ( Figure 5E 
| DISCUSSION
| Body weight
Hamsters reduced their body weight during an exposure to SP for 14 weeks. As expected, body weight increased after re-exposure to LP, with most hamsters reaching or exceeding their original LP body weight after only 6 weeks. The body weight increase reached a plateau phase after approximately 12 weeks and an additional 10 weeks in LP had no further significant effect.
Previously, it has been described that photorefractory hamsters that had completely regained their LP phenotype in continuous SP exposure for >20 weeks need at least 10 weeks in LP to regain SP sensitivity. [37] [38] [39] We initially hypothesised that only hamsters reexposed after 14 weeks to LP (SP 14 LP 14 SP 8 ), but not after 6 weeks to LP (SP 14 LP 6 SP 8 ), would be able to respond to a second SP re-exposure.
Surprisingly, hamsters re-exposed to SP after only 6 weeks in LP (SP 14 LP 6 SP 8 ) responded to the photoperiodic signal because they all stopped gaining body weight. Therefore, these data do not support our hypothesis for the requirement of an extended LP exposure.
However, it is notable that weight loss was muted and only some animals started to reduce body weight once more (see Supporting information, Figure S1B ). One explanation for this response may be that, during the duration of 14 weeks of SP exposure (the trough of SP adaptations in body weight and reproduction), hamsters had not yet become photorefractory and some SP sensitivity remained or could be partially restored by only 6 weeks in LP.
In hamsters re-exposed to LP for 14 weeks before a further SP exposure (SP 14 
| Serum concentrations
Total serum concentrations of T 4 and T 3 showed no significant differences in response to alternating photoperiods. Changes in thyroid hormone concentrations were highly variable between animals, which might have over-ridden potential differences caused by photoperiodic changes. Other studies were able to measure seasonal fluctuations in serum concentrations, but experimental setup and timing of sampling was different. 25, 43 The diversity of different studies and high inter-individual variability in the current data suggest that serum thyroid hormone concentrations, at least in our stable laboratory conditions, are not directly involved in photoperiodic changes of physiology. Rather, intracellular T 3 levels, controlled by deiodinases, in specific tissues such as the hypothalamus appear to be regulating metabolism and body weight in a photoperiodic setting.
| Gene expression
Most photoperiodic gene transcription changes were located in tanycytes of the ependymal layer of the third ventricle adjacent to the hypothalamus, which are critically involved in seasonal adaptation of energy balance, metabolism and growth. 14, 44 Djungarian hamsters exposed to SP showed lower expression of Vimentin in tanycytes, which has been demonstrated previously and is associated with structural changes of these cells. 8, 16, 17 Thyroid hormone availability in the hypothalamus is regulated by deiodinases, which play a central role in seasonal adaptation. 18, 19, 21 The current view is that low Dio2 and high Dio3 expression during SP exposure lead to low T 3 concentrations in the hypothalamus, which is considered to be a pre-requisite for many of the adaptive responses to SP. On re-exposure to static LP or naturally lengthening days after the winter solstice, absent Dio3 expression and an induction of Dio2 expression contributes to re-establishing LP physiology in the hamster. 8, 20, 21, 45 In the present study, Figure 4A ,B). These data suggest that, although low tanycyte Dio2 expression is likely to be a pre-requisite for a sufficient reduction in hypothalamic T 3 availability, continual high levels of hypothalamic T 3
are not required to maintain LP body weight. This is consistent with our previous data obtained over the course of 1 year in natural photoperiod, which showed that body weight continues to increase for 4 weeks or more after the summer solstice, even though Dio2 expression is reduced to near minimal expression by mid-July or earlier. 48 Nevertheless, our data indicate that an appropriate co-ordinated response of all components of the thyroid hormone metabolism/transport system is likely to be required for the successful initiation of SP physiology.
Photoperiod regulated Tsh-r expression in the ependymal layer is one possible factor in the transmission of the day length signal provided by a duration dependent melatonin-signal transduction pathway, to a genomic and physiological action. By contrast to a previous study showing a lower expression during SP, we found no differences in Tsh-r mRNA expression between LP and SP. 8 Our results suggest that altered Tsh-r expression does not play a critical role in mediating seasonal physiology.
Somatostatin expression in the ARC has been shown to be substantially increased upon exposure to SP and has been proposed to be involved in suppressing the growth hormone axis and hence may be a key player in seasonal body weight regulation. 33, 34 Furthermore, evidence obtained from in vivo TSH administration studies suggests that
Srif expression is downstream of thyroid signalling in the hypothalamus. 49 In accordance with other studies, Srif was highly expressed in SP and reduced to minimal expression when hamsters were switched from SP to LP (SP 14 In accordance with previous studies, Gpr50 was down-regulated during SP in Djungarian hamsters (SP 14 ). 8, 26 Gene expression of Gpr50 in the ependymal layer was reversed after re-exposure to LP from SP (SP 14 LP 6 ). However, the increase was retarded and restoration of LP 0 mRNA concentrations was not reached after 6 weeks but only after 14 weeks (SP 14 LP 14 ) of re-exposure to LP. The function of GPR50 in seasonal adaptations is not understood, although a recent study in mice has shown that knockout of GPR50 results in a higher level of expression of Dio2 in tanycytes. 50 In the context of the Djungarian hamster, a similar mechanism offers an explanation for a reduction in Dio2 upon re-exposure to LP for 14 weeks or more, where there is an inverse relationship between Dio2 and Gpr50 expression. Furthermore, in natural photoperiod, Gpr50 expression only starts to increase at around the time Dio2 has almost reached a nadir of expression and peaks around the autumnal equinox. 43 However, contradicting this explanation is the observed reduction in Dio2 but little change of Gpr50 in nonresponsive hamsters of the SP 14 LP 14 SP 8 group.
Expression of Crbp1 in the ependymal layer was regulated by photoperiod in a similar manner to the expression of Gpr50. CRBP1
is responsible for the intracellular transport of retinol, which is the substrate for the synthesis of retinoic acid, 51 and, together with other retinoid-signalling genes, was discovered to be photoperiodresponsive. 28 Re-exposure of hamsters from SP to LP (groups SP 14 Taken together, all of the results from nonresponding hamsters demonstrate that these animals were insensitive to the SP signal, which was largely reflected in gene expression profiles. The reason why some animals responded to the second photoperiodic switch after 14 weeks, whereas others did not, remains to be investigated.
However, the gene expression data of the nonresponding hamsters would suggest a continuation of a LP output of the PT in these SP nonresponsive hamsters.
In summary, our data provide additional support for an involvement of a co-ordinated response of the thyroid hormone metabolism/transport system and other photoperiodically regulated genes in seasonal physiological adaptations. Additionally, Dio2 expression in response to LP re-exposure supports a previous suggestion that this gene may become refractory to LP, which is a response that has only be described in the long-lived seasonal sheep.
